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SELECTIVE DIVERSITY COMBINING 

Field pf the Invention 

The present invention relates generally to the processing of digitally modulated 
radio signals at a receiver having multiple antennas. More particularly, the present 
invention relates to the diversity combining of radio signals to reduce signal impairments. 

Backgrojind of thq faventiw 

In radio communications, signals are sometimes lost or impaired due to a variety 
of phenomena such as multipath fading, time dispersion, and co-channel interference which 
exist in a typical radio communication channel. Multipath fading results from the 
interaction of the transmitted signal and its reflections or echoes which arrive at the 
receiver at approximately the same time. If the number of reflections is relatively large, 
this fading exhibits a so-called Rayleigh distribution. Time dispersion occurs when there 
is a time delay between the reflections and the transmitted signal. Interference results from 
the presence of signals which are non-orthogonal with respect to the transmitted signal. 
Such non-orthogonal signals can originate from other radios operating on the same 
frequency (co-channel interference) or from other radios operating on neighboring 
frequency bands (adjacent channel interference). 

FIG. 1 shows an example of co-channel interference, in which a mobile station M 1 
communicates with a base station antenna Al in a cell CI, while a mobile station M2 
communicates with a base station antenna A2 in a cell C2. A base station antenna A3 
serving a cell C3 may be located between cells CI and C2. In this example, mobile 
stations Ml and M2 are simultaneously communicating on the same channel to different 
antennas in different cells. As shown, signals transmitted by mobile station Ml to antenna 
Al interfere with the signals transmitted by mobile station M2 to antenna A2, causing 
signal impairment. 

To reduce the effects of such signal impairments, it is known to use diversity 
combining, in which a receiver is provided with multiple separated antennas, ami the 
received signals at each of the antennas are combined. Because the antennas are separated , 
the signal strength in each antenna is independent. Thus, if there is a deep fading dip for 
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one antenna, another antennas may have a relatively strong signal. There are many types 
of diversity combining methods. For example, in Mobile Communication Design 
Fundamentals, by William C.Y. Lee (Wiley, 1993), numerous diversity schemes are 
described at pages 1 16-132. 

5 In a typical mobile communication system, antenna diversity is employed by 

providing base stations with multiple antennas. The signals received at the antennas are 
typically combined using maximum ratio combining <MRC). Lee, supra for example, 
recognizes MRC as the best combining technique. In MRC, the received signals are 
combined based on the assumption that the interference closely approximates white 

10 Gaussian noise. An exemplary MRC scheme is shown in FIG. 2, where each signal 

branch (i.e.. each received signal to be combined) is weighted by a selected weighting 
factor (a,, a,), and the signal branches are combined. MRC does not consider correlation 
between received signals, thereby enabling the received signals to be detected and 
equalized one at a time, and then combined by summing. MRC, since it assumes that the 

1 5 interference experienced by a signal closely approximates white Gaussian noise, has certain 

performance limitations when the interference does not closely approximate white Gaussian 
noise. 

Alternatively, an improved method of combining received signals in a system with 
antenna diversity is known as interference rejection combining (IRC). IRC assumes that 

20 the received signals include both white Caussian noise and signals from other transmitters 

(e.g., other mobile stations in other cells). Generally speaking, a receiver incorporating 
IRC produces received signal samples for each antenna (using, e.g., log-polar signal 
processing), estimates channel taps for each antenna, estimates impairment correlation 
properties (e.g., co-channel interference), forms branch metrics from the received signal 

25 samples, channel tap estimates, and impairment correlation estimates, and estimates the 

transmitted information sequence using the branch metrics (using, e.g., the Viterbi 
algorithm). The receiver estimates impairment correlation properties by estimating the 
correlated noise between signal branches when a training sequence <such as is contained 
in a typical GSM burst) is received. This estimated covariance is used by the receiver 

30 during the demodulation process. IRC is described in significant detail in the copending, 

commonly-assigned application Serial No. 08/284,775 entitled "Method and Apparatus for 



BNSDOCI& <wo 



WO 98/53560 



PCT/SE98/00876 



10 



15 



20 



25 



30 



BNSOOCIO «WO 



3 

Interference Rejection Combining in Multi-Antenna Digital Cellular Communications 
Systems", filed on August 2, 1994 and copending, commonly assigned application Serial 
No. 08/634,719 entitled "Method and Apparatus for Interference Rejection with Different 
Beams, Polarizations, and Phase References", filed on April 19, 1996. These applications 
are hereby incorporated by reference in their entirety. The latter patent application 
discloses that IRC performance can be improved if the impairment correlation properties 
are scalar impairment correlation properties and the branch metrics are scalar branch 
metrics. 

IRC is very efficient in rejecting interference from mobile stations from 
neighboring cells which transmit at the same frequency as the transmitted signal of interest 
(i.e., co-channel interference), particularly when an interfering burst is synchronized with 
the carrier burst (i.e., the transmitted signal of interest). IRC also reduces the effects of 
adjacent channel interference. Unfortunately, IRC is complex and requires a relatively 
large amount of computer processing resources. Further, there are some cases where IRC 
does not provide optimum performance. 

It would be desirable to improve the performance of a communication system 
employing antenna diversity. More particularly, it would be desirable to improve known 
methods of diversity combining. 

Summary nf the Invention 

The present invention overcomes the above-described problems, and provides 
additional advantages, by providing for a method and system for combining received 
signals from multiple antennas which employs both IRC ami MRC (or some other diversity 
combining method). According to exemplary embodiments of the invention, a transmitter 
generates and transmits a signal representing an sequence of information symbols. A 
receiver having multiple antennas receives the transmitted signal on at least two antennas 
such that there are at least two received signals. The receiver combines the received 
signals by selectively performing interference rejection combining or maximum ratio 
combining to maximize the receiver performance. The signals can be combined every 
burst, half-burst, or at some other suitable frequency. To select whether IRC or MRC is 
used, the receiver determines an interference indication, and a combining method is 
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selected based on the interference indication. 

By selectively performing IRC, a conventional diversity combining scheme, or a 
combination of multiple schemes, the present invention allows a communication system 
to achieve the benefits of IRC when most appropriate (that is, when the interference is 
5 predominantly co-channel interference), adjacent channel interference or otherwise 

correlated between the diversity branches, and to save processing resources at times when 
IRC is not appropriate (that is, when co-channel interference is relatively low and the 
interference more closely approximates white Gaussian noise). This selective combination 
scheme greatly enhances the efficiency of the communication. For example, as discussed 
10 below, the present invention makes it is possible to achieve a 1 dB gain in performance 

over a system which uses only IRC. 

Brief Description of the Drawing 

A more complete understanding of the present invention can be obtained upon 
reading the following Detailed Description of the Preferred Embodiments, in conjunction 
15 with the accompanying drawings, in which like reference indicia are used to designate like 

elements, and in which: 

FIG. 1 is a diagram showing an example of co-channel interference; 

FIG. 2 is a block diagram showing a diversity <x>mbining technique using MRC; 

FIG. 3 is a block diagram showing an implementation of a preferred embodiment 
20 of the present invention; 

FIG. 4 is a flowchart describing a preferred embodiment of the method according 
to the present invention; 

FIG. 5 is a block diagram showing a second exemplary embodiment of the p resent 

invention; 

25 FIG. 6 is a block diagram of an exemplary combination of the embodiments of 

FIG. 3 and FIG. 5; 

FIG. 7 is a block diagram of another embodiment of the present invention; 
FIG. 8 is a block diagram of a variation of the embodiment of FK3. 7; 
FIG. 9 is a graphical comparison of performance results for a receiver using a 
30 combination of IRC and MRC according to the embodiment of FIG. 5; and 
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FIG. 10 is a graphical comparison of performance results for the embodiment of 

FIG. 3. 

Detailed Descrip tion of the Preferred Embodiments 

FIG. 3 shows a block diagram of a first exemplary embodiment of the invention. 
5 Antennas 10 and 12, which are two of multiple antennas in a receiver employing antenna 

diversity, receive signals transmitted from a mobile station or other transmitter {not 
shown). Combiner modules 14 and 16 are each connected to receive the received signals 
from antennas 10 and 12. Combiner modules 14 and 16 are capable of combining the 
received signals from antennas 10 and 12 using MRC <or some other conventional 

10 diversity combining technique) and IRC, respectively, and outputting a combined signal 

to a decoder or other signal processing circuitry (not shown). The appropriate combiner 
module 14 or 16 is activated by an interference analyzer 18, which determines whether the 
interference experienced by the received signals exceeds a predetermined threshold, and 
selects the appropriate combiner module using a switch 19. To determine whether the 

15 threshold is met or exceeded, the analyzer 18 can estimate a correlation between two 

branches for each received signal and compare the estimated correlation to a correlation 
threshold. For example, an impairment correlation matrix can be formed, and the off- 
diagonal elements of the impairment correlation matrix can be used to measure the 
correlation and interference. A suitable threshold can then be derived from the diagonal 

20 elements of the matrix. Impairment correlation matrices are discussed in more detail in 

the copending, commonly-assigned application entitled "Method and Apparatus for 
Interference Rejection Combining in Multi-Antenna Digital Cellular Communications 
Systems 0 and bearing Serial Number 08/284,775, the entirety of which is incorporated by 
reference. Numerous other threshold calculation and comparison schemes can be used. 

25 If an interfering burst is synchronized with the carrier burst of the transmitted signal of 

interest, the estimated correlation will be constant during a burst. If, as is more typical, 
an interfering burst is not synchronized with the carrier burst, the estimated correlation 
will not be constant during the burst. If the interference <or other suitable impairment 
characteristic) meets or exceeds the predetermined threshold, then the interference analyzer 

30 18 selects the IRC combiner module 16. If the interference (or other suitable impairment 
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characteristic) does not meet or exceed the predetermined threshold, the interference 
analyzer 18 selects the MRC combiner module 14. The selected module outputs a 
combined signal to a decoder (not shown) in the receiver for further processing. The 
circuit of FIG. 3 can operate to combine the received signals every burst, half-burst, or 
5 other suitable interval. 

FIG. 4 shows a flow chart describing the steps of the method according to the 
present invention. In step 100, the receiver receives the signals transmitted by the mobile 
station or other transmitter on multiple antennas. In step 102, the receiver <e.g., using 
analyzer 18 or other suitable means) analyzes the received signals to determine if the level 

10 of interference meets or exceeds a predetermined threshold. If the interference threshold 

used in step 102 is met or exceeded by the received signals, the receiver combines the 
multiple received signals using IRC in step 104, ami if the interference threshold used in 
step 102 is not met or exceeded by the received signals, the receiver combines the multiple 
received signals using MRC (or another suitable diversity combining technique) in step 

15 106. Regardless of which combining method is used, the process returns to step 100 afte r 

some predetermined interval to process other received signals. The predetermined interval 
can be every burst, half-burst, or other suitable interval. As a result, the appropriate 
diversity combining technique can be selected for each interval. 

FIG. 5 shows a block diagram of a second exemplary embodiment of the present 

20 invention. In this embodiment, both MRC and IRC are used for combining the branches, 

and then the outputs of combiner modules 14 and 16 are combined in combiner 20 so as 
to optimize the output from each combination algorithm. Combiner 20 can combine the 
MRC and IRC outputs each burst, half-burst, or at some other suitable period. The 
embodiment of FIG. 5 is particularly beneficial when interference is present, and the 

25 carrier bursts and interfering bursts are unsynchronized. 

Thus, the embodiment of FIG. 3 provides improved performance over using only 
IRC when no interference is present, and the embodiment of FIG. 5 provides improved 
performance when interference is present and the interfering bursts are not synchronized 
with the carrier bursts. The embodiments of FIG. 3 and HG. 5 can be combined to 

30 maximize the performance of both embodiments. One exemplary combination of these 

embodiments is shown in FIG. 6, in which analyzer 18 analyzes the incoming signals and 
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selects, via switch 19, either the output of comparator 20 or MRC combiner module 14 
based on an interference indication. 

FIG. 7 shows yet another embodiment of the present invention which includes 
memories 22a and 22b for storing signal bursts, analyzer 18 for analyzing the stored 
5 bursts, and combiner 20 for combining the signals in a manner dependent upon the output 

of analyzer 18. In this embodiment, the analyzer 18 determines a value a, based on the 
level of interference associated with the received bursts. The value a is a weighting factor 
which determines how much weight is assigned to differing diversity combining 
techniques. For example, an factor of 1 can be assigned by the analyzer 18 when the 

10 interference level is such that IRC would be a preferable combining technique. For an 

alpha factor of 1 , the combiner 20 uses IRC. An a factor of 0 can be assigned when the 
interference level is such that another diversity combining technique <e.g., MRC) would 
be preferable. For an a factor of 0, the combiner 20 uses MRC. An a factor of 0.5 can 
be assigned when the interference level is such that a weighted combination of 50% HRC 

15 and 50% MRC would be desirable. For an a factor of 0.5, IRC and MRC are both 

performed, and the results combined equally. For an a factor of 0.75, IRC and MRC are 
both performed, and the results are combined by weighting the IRC results to.the MRC 
results in a ratio of 3/1. In this embodiment, a "soft" or gradual shifting of combining 
techniques can be achieved. In this embodiment, the combiner 20 is implemented by a 

20 programmable combiner. 

FIG. 8 shows a variation of the embodiment of FIG. 7. In the embodiment of FIG . 
8, received bursts are stored in the memories 22a and 22b. Analyzer 18 determines the 
level of interference, and assigns an appropriate a value. Combiner 20 combines the 
stored bursts in a manner dependent upon the analyzer output, and the output of combiner 

25 20 is stored in a memory 22c. The analyzer IS then resets a to, for example, 0 and 

performs a second combining. The output of this second combining is then combined with 
the first combining results stored in memory 22c in a combiner 24. Numerous other 
variations will be readily apparent to those of ordinary skill in the art. 

FIG.9 is a graphical representation comparing bit error rates (BERs) as a function 

30 of interferer delay for a communication channel for the -embodiment of FIG. 5. In the 

graph of FK}. 9, the combination of IRC and MRC <IRC-MRC) is implemented by 
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combining the received signals every burst (i.e., on a burst-by-burst basis). Further, the 
signal-to-noise (SNR) ratio is assumed to be 25 dB, and the carrier-to-interference ratio 
(C/I) is assumed to be 2 dB. As can be seen from the graph , the combination of IRC and 
MRC can provide a performance improvement over the case for a receiver using only IRC . 
5 FIG. 10 is a graphical representation comparing bit error rates as a function of the 

signal-to-noise ratio (SNR) for the embodiment of FIG. 3, where the IRC algorithm is 
switched off, or not selected, during periods where no co-channel interference is present. 
As shown, it is possible to gain approximately 1 dB in sensitivity compared to the case 
where IRC is always used. 

10 Thus, it should be apparent that the present invention provides significant 

advantages over known diversity combining techniques. In particular, by selectively using 
IRC and MRC or another suitable diversity combining technique, receiver performance can 
be improved compared to a receiver using only one diversity combining technique. It will 
be appreciated that the principles of the present invention can be applied to systems which 

15 use more than two different combining techniques. 

Whiie the foregoing description includes numerous details and specificities, it is to 
be understood that these are for purposes of explanation only. Many modifications will 
be readily apparent to those of ordinary skill in the art which are clearly within the spirit 
and scope of the invention, as defined by the following claims and their legal equivalents. 

20 More than two different diversity combining techniques may be combined. 
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WHAT IS CLAIMED IS: 

1 . A method for diversity combining in a radio communication system, comprising 

the steps of : 

receiving a transmitted signal on at least two antennas such that at least two 
5 received signals exist; 

combining the received signals by using interference rejection combining together 
with another diversity combining method. 

2. The method of claim 1, wherein the step of combining comprises the steps of: 
producing an interference indication; 

10 selecting a combining method based on the interference indication; and 

combining the signals using the selected combining method. 

3. The method of claim 2, wherein the another diversity combining method is 
maximum ratio combining. 

4. The method of claim 1, wherein the step of combining is performed by 
15 separately performing both interference rejection combining and the another diversity 

combining method to achieve separate results, and combining the separate results. 

5. The method of claim 4, wherein the another diversity combining method is 
maximum ratio combining. 

20 6. The method of claim 2, wherein interference rejection combining is performed 

by: 

producing received signal samples for each antenna, estimating channel laps for 
each antenna, estimating impairment correlation properties among the antennas, forming 
branch metrics from the received signal samples, channel tap estimates, and impairment 
25 correlation estimates, and estimating the information sequence using the branch metrics. 

7. The method of claim 2, wherein the received signals include one or more bursts , 
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8. The method of claim 2, wherein the received signals include one or more bursts , 
and the diversity combining method is selected for each half-burst. 

9. The method of claim 2, wherein the step of producing an interference indication 
is performed by estimating a covariance for each received signal and comparing the 
estimated co variances to a covariance threshold. 



10. The method of claim 4, wherein the separate results are weighted prior to 
combining. 

1 1 . The method of claim 1 , wherein the step of combining further comprises the 
10 steps of: 

producing an interference indication; 

determining a weight factor based on the interference indication; and 
combining the received signals using a weighted combination of interference 
rejection combining and the another diversity combining technique. 

15 12. A system for receiving communication signals, comprising: 

a plurality of antennas for receiving a communication signal such that multiple 
received signals are present; 

a plurality of signal combiners for combining the received signals, each signal 
combiner selectively associated with each of the plurality of antennas; and 
20 analyzer means for determining a level of signal impairment, comparing the level 

of signal impairment to a threshold level, and selectively operating said signal combiners 
based on the comparison. 
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13. The system of claim 12, wherein the plurality of signal combiners includes a 
first signal combiner using interference rejection combining and a second combiner using 
maximum ratio combining. 

14. The system of claim 13, wherein the level of signal impairment is interference . 

5 15. The system of claim 13, wherein the first combiner produces received signal 

samples for each antenna, estimates channel taps for each antenna, estimates impairment 
correlation properties among the antennas, forms branch metrics from the received signal 
samples, channel tap estimates, and impairment correlation estimates, and estimates the 
information sequence using the branch metrics. 

10 16. The system of claim 12, wherein the received signals include one or more 

bursts, and the selection of combiners is performed every burst. 

17. The system of claim 12, wherein the received signals include one or more 
bursts, and the selection of combiners is performed every half-burst. 

15 18. A system for receiving communication signals, comprising: 

a plurality of antennas for receiving a communication signal such that multiple 
received signals are present; 

a plurality of signal combiners, each signal combiner combining the received 
signals using a different one of a plurality of signal combining techniques; and 
20 a combiner for combining the outputs of at least selected ones of the signal 

combiners. 

19. The system of claim 18, wherein one of the plurality of signal combining 
techniques is interference rejection combining. 

20. The system of claim 18, further comprising: 

25 analyzer means for determining a level of signal impairment, comparing the level 

of signal impairment to a threshold level, and selecting one of cither the combined signal 
combiner outputs or an output of one of the plurality of signal combiners as a system 
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output. 

21 . The system of claim 20, wherein the level of signal impairment is interference . 

22. A system for receiving communication signals, comprising: 

a plurality of antennas for receiving a communication signal such that multiple 
5 received signals exist; 

an analyzer for determining an interference indicator associated with the received 
signals, and for selecting a weighting factor based on the interference indicator; and 

a first signal combiner for performing a weighted -combination of at least two signal 
combining techniques based on the weighting factor. 

10 23. The system of claim 22, wherein one of the signal combining techniques is 

interference rejection combining. 

24. The system of claim 23, wherein another signal combining technique is 
maximum ratio combining. 

25. The system of claim 22, further comprising one or more memories for storing 
15 the received signals for analysis by the analyzer. 

26. The system of claim 25, further comprising: 

a combiner output memory for storing a first output of the first signal combiner; 

and 

20 a second signal combiner for combining the stored first output with a second 

output of the first signal combiner. 
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